ABSTRACT This study evaluated the effects of elevated dietary inorganic zinc (Zn) on live performance, carcass and parts yield, and carcass and meat quality of broilers. A total of 288 d-old Ross 344 × 708 broilers were distributed among 3 dietary treatments with 12 replicate cages per treatment and raised sex-separate with 8 birds per cage. Birds were fed practical diets supplemented with either 0, 120, or 240 mg Zn/kg diet. Feed intake and body weight (BW) were measured and feed conversion ratio (FCR) was calculated. At 42 d, 3 birds per cage were processed to assess carcass and meat quality. Male BW at 42 d was increased (P ≤ 0.05) by 120 mg Zn/kg. The FCR to 42 d was also improved (P ≤ 0.05) for males supplemented with 120 mg Zn/kg as compared to 240 mg Zn/kg with the 0 mg Zn/kg diet intermediate. Dietary Zn had no effect on BW or FCR of females. Dietary Zn had no effect on carcass weight and parts yield but absolute weights of male, but not female, total breast and tenders were increased by 240 mg Zn/kg relative to 0 mg Zn/kg with 120 mg Zn/kg intermediate. Breast fillets cook yield and tenderness as well as color were not influenced by Zn in either sex. Supplementing 120 mg Zn/kg resulted in increased Zn in male breast muscle (P ≤ 0.01) whereas 240 mg Zn/kg reduced Zn in breast muscle of females. The 240 mg Zn/kg diet increased Zn in femurs (P ≤ 0.05) of males relative to the other diets. For females, Zn concentration in femurs was increased (P ≤ 0.05) by 240 mg Zn/kg relative to 120 mg Zn/kg with the non-supplemented birds intermediate.
INTRODUCTION
Trace minerals have long been considered to be an essential component of poultry nutrition as they have important roles in many vital body functions. However, the recognition of zinc (Zn) being an essential trace mineral for agriculture developed slowly and was not definitely established until 1926 for green plants (Sommer and Lipman, 1926) and 1934 for mammals (Todd et al., 1934) . Zinc has been demonstrated to be required for growth, bone development, feathering, wound healing, and enzyme structure and function (Vallee, 1983; Linder, 1991; Vallee and Falchuk, 1993; Underwood and Suttle, 1999; Batal et al., 2001 ). Zinc has also been found to be required for the synthesis of structural proteins such as collagen and keratin (Underwood and Suttle, 1999) . Keratin is the major structural protein of the hoof, horn, feathers, skin, beaks and claws, whereas collagen is the main structural protein of the extracellular matrix and connective tissues in internal tissues, including cartilage and bone, which made it reasonable that Zn deficiency in chickens has caused leg abnormalities, poor feathering, shortening and thickening of the long bones, enlarged hocks, and parakeratosis (O'Dell et al., 1958; Young et al., 1958) . Therefore, it has been a common practice in the broiler industry to formulate practical diets to contain 100 to 120 mg supplemental Zn/kg as these levels were expected to have beneficial effects other than meeting minimum nutritional requirements (Batal et al., 2001) . Zinc has been reported to be especially beneficial in reducing footpad dermatitis and improving feathering (Lai et al., 2010) . Burrell et al. (2004) reported improved live performance when broilers consumed diets formulated to contain 110 mg Zn/kg even though the NRC (1994) minimum requirement of Zn for broiler chickens was only 40 mg/kg, which was based on purified or semi-purified diets with growth as the requirement criterion (Emmert and Baker, 1995; Batal et al., 2001 ). However, because inorganic trace minerals have been relatively inexpensive, there has been a tendency to over-formulate to provide an inexpensive safety factor. This can be problematic as excess minerals and other unabsorbed nutrients have been reported to accumulate in the litter, which may be spread 4122 onto fields as a soil amendment or fertilizer, which has resulted in an accumulation of these minerals in the soil. Furthermore, adding trace minerals at greater levels than required could have certain negative influences due to antagonisms with other trace minerals (Santon et al., 2002; Vieira, 2008) . The present research was conducted to evaluate the effects of dietary inorganic Zn supplementation of practical diets on live performance in conjunction with increasingly important carcass yield and meat quality traits of male and female broilers.
MATERIALS AND METHODS
The experiment was conducted in accordance with the Guide for the Care and Use of Agricultural Animals in Research and Teaching (FASS, 2010) and approved by the Institutional Animal Care and Use Committee.
Birds and Diets
A total of 288 d-old Ross 344 × 708 strain male and female broiler chicks were hatched from eggs collected from 44-wk-old breeders maintained at the site. Birds were feather-sexed and randomly distributed among 2 battery cages with a total of 36 cages. All cages were equipped with 2 nipple drinkers and 1 manual feeder. Birds were raised sex-separate with 8 birds per cage (56 × 68 × 36 cm for length × width × height, respectively). Birds were exposed to continuous light for the first 2 d, then to 23 h light and 1 h dark until 42 d of age. The initial room temperature was set at 32
• C and thereafter gradually reduced to 25
• C. Feed and water were available for ad libitum consumption. Plastic screen wires were placed on top of the feed to reduce feed spillage and feed was stirred 2 times daily to stimulate uniform feed consumption. Diets were formulated to either meet or exceed the NRC (1994) requirements for broilers except for Zn. Table 1 shows the basal diet formulation and proximate composition for the starter and grower diets. Birds were fed a crumbled starter diet from 1 to 18 d (0.9 kg/bird) and pelleted grower diet from 19 to 42 d. Experimental diets were formulated from common basal diets without added trace minerals to ensure that birds had access to the same nutrients except for Zn. Zinc sulfate monohydrate (Zinc Nacional, S.A., Mexico) was added at the expense of vermiculite (inert filler) to achieve a supplemental Zn concentration in the experimental diets of either 0, 120, or 240 mg Zn/kg diet. Diets were analyzed for their mineral content using inductively coupled plasma optical emission spectrometry (Perkin Elmer ICP-OES 2000 DV).
Live Performance
Birds and feed were weighed by replicate cage at 1, 14, 28, and 42 d to determine BW, feed intake, and feed conversion ratio (FCR), which was calculated by adding BW of mortality to that of live birds. Mortality was weighed and recorded twice daily.
Carcass and Parts Yield
At 42 d of age, birds were fasted for 12 h, and 3 birds per cage were transported to a pilot processing plant (17 km) in plastic cages containing 8 birds each. Birds were weighed (fasted live BW), electrically stunned for 11 s, killed by exsanguination, and allowed to bleed for 90 s. Birds were then scalded at 55
• C for 90 s in a rotary scalder, picked for 30 s in a drum picker, and manually eviscerated. Carcasses were dressed by removing giblets (liver, gizzard, and heart), oil gland, crop, proventriculus, neck, head, feet, lungs, and viscera in order to determine the hot WOG weight (without giblets). Carcasses were then chilled overnight by immersion in ice chilled water at 0 to 4
• C and manually deboned on stationary cones the following day. The legs, thighs, breast fillets (Pectoralis major), breast tenders (Pectoralis minor), wings, fat pad, and ribs, back, and skin were weighed. Carcass yield was calculated for both the hot and cold WOG as a percentage of the fasted live weight. Parts yield was calculated as a percentage of the chilled WOG weight.
Cook Yield
Breast fillets (Pectoralis major) were weighed, placed in aluminum pans, and cooked in a forced air oven (SilverStar Southbend, Model SLES/10sc, gas type, Fuquay-Varina, NC, USA). Fillets were cooked to an internal temperature of 75
• C (approximately 25 min) as measured by a Therma Plus thermocouple with a 10-cm needle temperature probe (ThermoWorks Model 221-071, Lindon, UT). The cooked fillets were cooled to room temperature and re-weighed to determine cook yield as a percentage of the cooked weight relative to the raw weight.
Shear Force
Cooked breast fillet samples were tested for texture using a Warner-Bratzler shear device (Warner-Bratzler meat shear, Bodine Electric Company, Chicago, IL). Two samples per breast fillet (2 × 2 × 2 cm) were sheared in a direction perpendicular to the muscle fiber with a crosshead speed of 4 mm/s. The maximum force measured when cutting the samples was expressed in kg.
Color
Skin was removed from thighs and breast fillets and color was measured on the surface of raw thigh muscle and on the medial side of both raw and cooked breast fillets. Color was measured in triplicate by the CIE L * a * b * system using a Minolta Chroma Meter CR-400 (Konica Minolta Sensing, Inc., Tokyo, Japan). A measuring area of 10 mm and illuminant D65 and 2
• standard observer were used. The colorimeter was calibrated using a white tile (reference number 13,033,071; Y = 93.9, x = 0.3156, y = 0.3318). CIE lightness (L * ), redness (a * ), and yellowness (b * ) were measured.
Tissue Minerals Concentration
The concentration of Zn was determined in breast muscle and femur bones using inductively coupled plasma optical emission spectrometry (Perkin Elmer ICP-OES 2000 DV). Breast meat samples were prepared by mincing the meat and drying at 70
• C for 72 h before being finely ground. Femurs were cleaned of any exterior adhering tissues, dried at 105
• C, soaked in ethyl ether (Ethyl Oxide, Diethyl Ether C 4 H 10 O) for 48 h to extract the fat, and then analyzed for mineral concentration.
Statistical Analysis
Data were analyzed as a randomized complete block design using the GLM procedure of SAS (2014). Data were initially analyzed as a 3 × 2 factorial with 3 levels for dietary added Zn and 2 levels for sex, however, there was no interaction between Zn × Sex in this trial except for the shear force (P = 0.03) and Zn concentration in muscles (P = 0.001). Data were reanalyzed in its current way from males and females separately to assess the effect of dietary treatments within sex. Differences between means were separated using the LS means method and significance was reported at a probability level of P ≤ 0.05 unless otherwise indicated. The experimental unit for statistical analysis of measured parameters was cage for the live performance parameters and the bird for carcass and meat quality measurements.
RESULTS AND DISCUSSION

Live Performance
Analyzed Zn (Table 1) in the practical starter diets was 111, 156, and 233 mg/kg, and in the practical grower diets was 67, 160, and 249 for diets with theoretical added levels of 0, 120, and 240 mg Zn/kg, respectively. As these birds were raised in cages, they did not have access to any additional nutrients by coprophagy. Table 2 depicts the influence of dietary Zn on BW, feed intake, and FCR for males. Dietary Zn had no effect on BW of males at 1, 14, and 28 d but 42 d BW was increased (P ≤ 0.01) in males fed diets supplemented with 120 mg Zn/kg. Feed intake of males was not affected by dietary Zn treatment. For the 1 to 42 d period, FCR was also improved (P ≤ 0.05) for males consuming diets supplemented with 120 mg Zn/kg as compared to 240 mg Zn/kg with the 0 mg Zn/kg diet intermediate. Dietary Zn had no effect on BW, feed intake, BW gain, and FCR of females (Table 3) .
A number of recent studies have investigated the optimum level of dietary Zn for rearing broilers and a wide range has been reported to be acceptable. These have included 45 mg/kg (Mohanna and Nys, 1999) , 110 mg Zn/kg (Burrell et al., 2004) , 48.3 mg/kg (Huang et al., 2007) , 111 mg Zn/kg (Sunder et al., 2008) , 58 to 68 mg/kg diet (Bao et al., 2009) , and 60 to 180 mg Zn/kg (Liu et al., 2011) . Finally, in an earlier study, Mehring et al. (1956) reported that BW gain and feed efficiency of broilers fed diets containing Zn ranging from 36 to 814 mg/kg up to 9 wk of age was not affected by dietary Zn. Bao et al. (2007) fed a non-supplemented basal that contained 20 mg Zn/kg and reported that broilers exhibited Zn deficiency symptoms after 7 d of age. In the current study, the measured dietary Zn concentration in the basal practical diets was 111 mg/kg in the starter and 67 mg/kg in the grower. Further, phytase was included in the basal diet as would be A,B Means in a row within each variable that possess different superscripts differ significantly (P ≤ 0.01).
1 Dietary Zn was included in the diets as zinc sulfate monohydrate. Analyzed Zn in the starter diets was 111, 156, and 233 mg/kg, and in the grower diets was 67, 160, and 249 for diets with theoretical levels of 0, 120, and 240 mg Zn/kg, respectively.
2 Standard error (SE) for n = 18 pens. typical commercially, which might have increased the bioavailability of endogenous Zn (Shelton and Southern, 2006) , and improved Zn utilization (Yi et al., 1996) . Increased bioavailability and Zn content of the basal practical diets may have prevented onset of symptoms of Zn deficiency in the birds fed the basal diets. Alternatively, the current feather-sexable broilers might have had a Zn requirement different from strains utilized in previous studies. In the current study, supplementing 120 mg Zn/kg to the basal diet resulted in maximum BW and best FCR in males, which suggested that the basal diet without added Zn may have not provided the minimum amount required for maximum growth and feed efficiency of males. On the other hand, the diets with 240 mg Zn/kg could have elicited an unidentified antagonism (Santon et al., 2002; Vieira et al., 2013; Zhao et al., 2016) with other minerals, thus negatively affecting growth and accumulation of Zn in the Pectoralis major (Table 8 ). The 29 to 42 d period in the present study was when the effect of Zn on male BW and FCR became evident. As Zn has been reported to improve feathering (Lai et al., 2010) , the greater BW and improved FCR at 42 d in males fed 120 mg Zn/kg could have been influenced by their delayed feather development when compared to their fast-feathering female counterparts, which normally have a full feather coat 2 wk earlier.
The first limiting amino acids for protein deposition in poultry diets have been defined to be methionine and cysteine (NRC, 1994) . It is also known that feathers have a greater cysteine concentration than muscles whereas muscles also contain significant lysine (Fisher et al., 1981; Conde-Aguilera et al., 2013; Strasser et al., 2015) . Furthermore, cysteine has a significant affinity for Zn because they form tetrahedral complexes (Trzaskowski et al., 2008) .
Carcass and Parts Yield
Results for fasted live BW as well as carcass and parts weight and yield for males and females are presented in Tables 4 and 5 , respectively. Dietary Zn had no effect on carcass weights and carcass yield of males and females. Absolute total breast as well as the Pectoralis minor (tender) weights of males receiving 240 mg/kg Zn increased (P ≤ 0.05) relative to the control with the 120 mg/kg Zn males intermediate (Table 4 ). This may have been related to the slightly greater live BW exhibited by the broilers consuming the added Zn diets. However, yield of these parts on a percentage basis also exhibited a measurable trend (P = 0.08 and P = 0.11, respectively). This marginally increased yield of breast meat appeared to come at the expense of percentage yield of ribs, back, and skin that was evidenced in a statistically reciprocal manner (P ≤ 0.05) ( Table 4) . Dietary Zn had no effect on parts weights and yield in these fast-feathering females (Table 5 ). Several authors have found no effects of Zn on carcass yield (Collins and Moran, 1999; Hess et al., 2001; Rossi et al., 2007; Sunder et al., 2008; Liu et al., 2011) . However, Zhao et al. (2010) reported that 40 mg/kg chelated Zn supplementation improved breast tender yield in both males and females.
Cook Yield and Tenderness
Results of the breast fillets cook yield and tenderness are presented in Table 6 . Dietary Zn had no effect on fillets weights, cook yield, or tenderness as indicated by shear force in either males or females. Salim et al. (2012) also reported no effects of adding 25 mg/kg organic Zn on meat texture of male and female broilers whereas Liu et al. (2011) reported that increased dietary Zn decreased shear force in thigh muscle and decreased drip loss in breast and thigh muscles. There was an interaction (Table 9 ) between dietary Zn and sex on tenderness of Pectoralis major (P ≤ 0.05) where males had a greater shear force value as compared to females when dietary Zn was added at 120 mg/kg, however, there was no significant differences between males and females at the 0 or 240 m Zn/kg.
Color
The effects of dietary Zn on the CIE lightness (L * ), redness (a * ), and yellowness (b * ) of raw and cooked breast fillets, and raw thighs of male and female broilers are presented in Table 7 . As color has been considered to be the first criterion upon which consumers rely to make purchase decisions (Mancini and Hunt, 2005) it was important that dietary Zn did not affect color coordinates of the breast fillets and thighs of either males or females. This was in contrast with Liu et al. (2011) that reported that dietary Zn supplementation decreased the yellowness value in raw breast muscle of broilers slaughtered at 42 d.
Tissue Mineral Concentration
The effects of dietary Zn on tissue Zn concentration in breast fillets (Pectoralis major) and femurs are presented in Table 8 . As expected, the concentration of Zn was greater in femur bones than breast muscle. Mavromichalis et al. (2000) reported that bones had the greatest concentration of Zn (144 μg Zn/g DM) with most of remaining tissues having a Zn concentration between 50 and 120 μg Zn/g DM in chickens. Sandoval et al. (1998) also reported that bone accumulated more Zn whereas muscle Zn concentration was less sensitive to dietary Zn changes than other tissues. An increased Zn content in tibia bones was found when dietary Zn was greater than the Zn requirements for growth (Mohanna and Nys, 1999) . Sunder et al. (2008) reported a linear increase in Zn concentration in bone with increasing dietary Zn from 10 to 320 mg/kg in broilers at 28 d of age. Gajula et al. (2011) reported similar results when dietary Zn was increased to 160 mg/kg. It has been reported that Zn from bone could be a Table 6 . Least-squares means for the effect of zinc on cook yield and tenderness of breast fillets harvested from broiler males and females at 42 d of age. functional reserve when a metabolic Zn deficiency occurred (Harland et al., 1975) . Thus, the present data probably indicated that Zn intake at the 240 mg/kg level, but not at the 120 mg/kg level, clearly exceeded A,B Means in a row within each variable that possess different superscripts differ significantly (P ≤ 0.01).
2 Standard error (SE) for n = 54 birds.
the dietary minimum. There were no differences in femur Zn concentration between 0 and 120 mg Zn/kg probably because the diets with 0 added Zn had basal content of 111 and 67 mg Zn/kg for starter and grower, respectively. These levels were already above the NRC requirement for Zn that is 40 mg/kg. In male breast meat, Zn concentration was the greatest at the dietary Zn level of 120 mg/kg as compared to both other diets (Table 8 ). In females, Zn in breast meat was decreased (P ≤ 0.01) at 240 vs. 120 mg Zn/kg and the non-supplemented control. In male femurs (Table 8) , Zn concentration was greatest (P ≤ 0.01) at 240 mg Zn/kg compared to the other 2 diets whereas Zn concentration in femurs of females was increased at 240 mg Zn/kg vs. 120 mg Zn/kg with the nonsupplemented birds intermediate (P ≤ 0.05). There was an interaction between dietary Zn and sex on the tissue Zn concentration of Pectoralis major (Table 9 ). Concentration was greater in Pectoralis major of females at dietary Zn of 0 and 120 mg/kg whereas both males and females were comparable when Zn was added at 240 mg/kg (P ≤ 0.01).
The present results indicated that supplemental dietary Zn levels of approximately 120 mg Zn/kg diet added to practical diets, which was within the typical industry range (Batal et al., 2001) , did not enhance live performance of broiler females whereas FCR and BW of males were improved. Importantly, dietary Zn supplementation would not be expected to impact consumer acceptance as it did not affect either raw or cooked color of breast fillets, raw thigh color, or tenderness.
